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Introduction 


•  The  dovalopncr.tj  and  operation  of  gas-turbine  ir.sv  .nations-  associated 
vith,  among  other  thjin-o,  control  problems.  In  this  article  the  control  process¬ 
es  that  are  applied  to  t.<  various  typos  of  installations  are  -  incur;  sad. 

The  control  ays*,  >.v.s  that  are  considered,  comply  oxclu-ively  -a  the  -at a  the. 
'.re  given  in  the  literature.  An  attempt  was  made  to  produce  a  co.  .prehencivo  and 
uniform  illustration!  of  the  control  system  that  is  to  be  applied  to  gas-turbine 
installations. 

I 

.  .  I  ■  •  ...  •  ....... 

1.  Control  of  the  Open  3as-?arblno  Installation 

1.1  Prinoinlos  and  ?r oh lens 

The  open  gas-turbina  installation  operates  according  to  she  follov/ing  prin¬ 
ciple*  Air  to  drawn  jin  through  a  compressor  and  compressed  which  is  then  heated 
in  the  ooafbustion  chamber.  The  gas-air-mixture  that  is  obtained  in  this  nannor 
flows  through  a  gas  turbine,  drives  the  compressor  and  the  power-output  machines 
to  which  it  la  also  connected. 

This  principle  of  operation  enables  a  great  number  of  variations  to  be  rc- 
n  Sport  from  the'  VZB  Besearoh  and  Sxperiment  Station  for  Jot  Engines  Dresden 
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alised.  This  consists  in  the  application  of  sevoral  compressors  and  turbines  in 
separate  turbosets,  by  preheating  the  compressed  air  by  the  exhaust  gases  in  the 
heat  exchangers  and  by  igniting  other  combustion  chambers  between  the  turbines. 
The  closed  cycle  connections  that  are  realized  in  this  manner  are  quite  numerous 
and  have  a  considerable  influence  on  the  control  proces-j.  Various  demands  are 
made  of  control  depending,  of  course,  on  the  required  modo  of  operation  of  the 
installation,  i.e.,  keeping  it  constant  or  changing  certain  entropies  or  the 
output.  Certain  fixed  limitations  with  regard  to  revolutions,  temperature  and 
pressure  must  be  maintained  in  the  static  state  or  in  dynamic  processes.  In 
addition,  the  continuous  combustion  process  must  always  bo  guaranteed. 

The  solution  of  these  problems  requires  knowing  tho  statistical  control 
characteristics  of  tho  installations.  In  a  simple  case  ( Single-cycle  installa¬ 
tion)  the  combined  compressor- turbine  characteristic  family  givos  some  informa¬ 
tion  on- the  cooperation  between  the  two  machinos  (fig.  l).  The  possible  working 
points  of  this  turboset  are  characterized  by  tho  following* 

a)  the  uniformity  of  the  through  put  in  connection  with  the  sane  pressure 
ratio  (disregarding  fuel  mass  and  pressure  losses',. 

b)  balanced  moments  in  tho  compressor  and  turbine,  and 

o)  fuel  supply  in  order  to  attain  the  required  gas  temperature . 

In  this  way  load-line  "a"  is  obtained  for  a  turbosot  operating  individually. 
If,  at  the  same  time,  a  working  machine  is  driven  by  the  turbine,  then  +he  posi¬ 
tion  of  the  load  lino  is  a  funotion  of  the  turning  moment/revolution  of  the 
turboset.  La  fig,  2  tho  effective  moment  of  revolution  is  given  as  a  function  of 
the  various  gas  temperatures  in  front  of  the  turbino.  In  operating  a  working 
maohine,  the  performanee  of  which  ohanges  with  tho  third  power  of  the  number  of 
revolutions,  ths  load-line  moves  toward  ,fb*  and  toward  ”0"  when  a  synchronous 
alternator  (constant  rpm)  is  operated.  If  the  turbino  ic  separated  into  two 
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mechanically  independent  parts,  in  which  the  one  operates  the  compressor  and  the 
second  which  is  the  so-oalled  power  turbine  drives  the  working  machine,  then 
there  is  no  reaction  in  the  characteristics  of  the  working  machine  that  now  op¬ 
erates  as  a  gas  produo ing  turbosot  in  combination  with  the  combustion  chamber 


(fig.  3). 


Fig.  lx  Common  Compressor- Turbine  Fig.  2s  The  Pattern  of  the  Effective 

Family  of  Curves  of  a  Single-Cycle  Moment  of  devolution  of  a  Singlo-Cycls 

Gas-Turbine  Installation.  Load-line  Gas-Turbino  Installation,  See  fig.  1 

a  with  a  Turboset  Operating  Alone,  .  for  explanation  of  a,  b  and  c. 
b  when  Operating  a  ’Vorking  Machine  l)  Relat.  BPt'j  2)  Relat.  Moment  of  P.o- 

with  Output  •  (rpm)3,  and  o  when  the  volution. 

Generator  is  Oporatod  (oonstant  rpxa). 
l)  Throughput  Ratio}  2)  Prossure 
Ratio}  3)  Pump  Limit}  4)  Turbine  Char¬ 
acteristic  Lines  (Temperature)}  5)BPM 
Ratio)  6)  Compressor  Characteristic 
Lines  (rpm). 


The  determination  or  establishment  of  the  load-lines  for  the  entire  installation 
as  well  as  for  the  individual  parts  results  in  extensive  thermodynamic  calcula¬ 
tions  especially  in  oonneotlon  with  eomplioated  oloaeu-oyole  oonneotlons.  In 
order  to  determine  the  statio  behavior  of  the  installation,  as  well  os  the  adapt¬ 
ability  of  a  speolfio  application,  the  dependence  of  the  decisive  dimensions  of 
the  system  is  determined  in  the  entire  output  range.  In  order  to  seleot  a  euit- 
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able  type  of  installation,  tho  rpm  depondenco  of  the  effective  moment  of  revolution 
is  of  fundamental  importance  in  the  output  pattern  in  the  operation  of  chip 
screws  as  well  as  in  vehicles.  The  relationships  between  tho  adjustment,  control 
and  interference.namnitudes  can  be  determined  from  the  characteristics  of  the 
installation.  These,  together  with  the  control  dynamic  characteristics  of  the  in¬ 
stallation,  form  the  principles  for  tho  selection  of  the  control  equipment  and 
their  characteristics. 

The  dynamic  behavior  of  tho  ^as-turbino  installations  ac  controls  is  char¬ 
acterized  in  tho  following  manner.  hach  turbino  installation  has  a  certain  a- 
r.iount  of  energy  which  is  limited  by  various  sources  (potential  heat  energy  in 
the  air  and  cas  spaces,  kinetic  energy  in  tho  rotating  masses,  thermal  oneryy 
of  all  the  mechanical  installations,  kinetic  encryy  of  tho  radiutin~  energy  car- 
riers).  The  eneryy  content  is  characterised  in  a  specific  installation  by  tho  en¬ 
tropy  that  appears  v/hich  chan-es  with  output.  Sudden  chan-os  in  the  enorjy  that 
is  supplied  can,  therefore,  not  load  to  sudden  chan -os  in  the  onor-y  output.  In¬ 
stallations  such  as  this  are  an  advantage  in  that  tho  change  in  the  flow  of  en¬ 
ergy  is  accompanied  by  only  slight  change s  in  th  -tropy  the  oner  7-  reservoir 
of  which  is  small.  In  the  other  cases  the  effect  of  the  source  r.rnst  ho  reduced 
to  a  tolerable  dojroo  by  moans  of  special  nsasuro  (e.,;;.,  auxiliary  adjustment 
na.ynitudes).  The  following  possibilities  exist  for  this: 

a)  Chansinj  the  transmission  oharaoteristios  from  tho  compressor  to  the 
turbino  (blade  adjustment), 

b)  ch&n^inj  additional  reoistanoeo  in  flow  of  tho  onerjy  carrier  "air"  or 
"£as"  (throttling), 

0)  diverting  the  energy  carrier  "air"  or  "gas"  to  the  turbino  or  combustion 
chamber,  and 

d)  additional  inlet  or  outlet  of  the  energy  carrier  "air"  or  "jao"  or  oe- 
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chanioal  energy  (braking  or  mechanical  drive) 


A  change  in  the  amount  of  fuel,  first  of  all,  changes  the  gas  temperature. 
Sinoe  certain  limits  must  be  observod  (temperature,  pump,  and  flano-out  limits), 
it  is  pointed  out  that  the  change  in  the  energy  inlet  can  telco  place  at  an  arui- 
trary  rate  only  within  certain  limits  and  beyond  these  critical  values  they  must 
remain  at  specific  relations  to  the  compressed  air  that  is  supplied  by  the  com¬ 
pressor,  A  change  in  the  supply  of  compressed  air  due  to  a  change  in  rpn  of  the 
compressor-device  can,  however,  not  result  suddenly  due  to  tho  mass  moment  of 
inertia.  The  control-dynamic  behavior  of  the  gr.~--*-urhi:K  installation  is  essent¬ 
ially  determined  by  this  fact. 


Pig.  3*  The  Pattern  of  tho  .Iffeotive  Uooent  of  devolution  of  a  Two-Cycle  Gaa- 
Turbine  Installation  with  a  ftree  Effective-Output  Turbine.  See  fig.  1  for  an 
explanation  of  linoa  b  and  o. 

l)  Halat,  HPUj  2)  Relat.  Iloment  of  Revolution!  3)  Relat.  HP  11  of  the  compressor 
oat. 

1.2  The  Single-Cycle  Installation 

Single-cycle  gas-turbine  installations  are  used  to  drive  electrical  genera¬ 
tors,  to  power  locomotive*  and  as  air  oonpressora  in  metallurgical  plants  (also 
aa  oonbirr d  generator  drive). 


1.2.1  Generator  Installations  and  Comoros  sot1  -Air  Supply  Installations 
In  Generator  installations  tho  fuel  supply  must  be  adjusted  by  a  tachometer 
installation.  In  installations  with  air  preheat  in.-  it  is  often  nccocsary  to  in¬ 
stall  pro3suro  reliof  valvos  behind  or  after  the  combustion  chamber,  in  order  to 
provent  the  rpm's  from  increasing  (when  tho  load  is  suddenly  removed)  which  is 
usually  controlled  by  tho  chanyo  in  spoed  in  tho  number  of  revolutions  i_2l.  A 
temperature  control  installation  13  often  installed  in  laryo  ur.i'is  in  front  of 
jr  behind  the  turbine.  In  parallel  operation  with  tho  circuit  this  can  al3o  be 
used  as  the  main  control  equipment  (the  tachomotor  is  a  linit-rc;ulatiny  d  uoe) 
and  certainly  thon  the  output.  Control  and  reyulatiny  devices  wor,  also  installed 
for  limiting  tho  temperature  incroasiny  speed  which,  to  '  o.;in  v:ith  pornit,  a 
certain  jump  in  temperature  and  then  the  tompcrat^iro  increase  ana  a- so  the  nor- 
missible  increase  in  performance  is  limited  per  unit  time  k2j  aiu.  _3j« 

The  smaller  and  medium  installations  are  almost  without  say in.;  equipped  with 
fuel-air  ratio  limitiny-control  equipment  which,  duriny  the  start  in  ;  process, 
prevent  tempo  micros  that  are  too  hiyh  and  pumpiny  t no  compressor  ana  in  this 
v*..-'  limit  the  startin'*  tine  within  the  porir.i..si  ■'  ;ini::.al  value,  Ass  so  devices 


are  bo 


ldon  used  curin'*  normal  startiny  instood  of  tho  ter.ycraturo-iiraitii.  ;  do- 


vices. 

In  metalluryical  plantc  the  yas-turbino  installation  is  used  to  supply  cor>- 
proaood  air  to  tho  blast  furnaces  and  often  it  is  employed  simultaneously  to 
cover  tho  electrical  roquireiaente.  In  the  latter  case,  the  re  relation  of  tho  yaa- 
turbine  installation  does  not  differ  from  that  of  tho  puro  ;onerstoro  installa¬ 


tions,  The  requirement*  for  the  operation  of  the  blast  fumr.oo  are  fulfillo^-  by 
a  separate  oontrol  of  the  oompresssd  air  cycle  (f iy.  4;  L7„.  Tfoen  the  yno-tur- 
bino  installation  is  uasd  only  to  supply  compressed  air  it  is  thon  poosiblo  to 
ac just  the  oontrol  exclusively  to  thie  node  of  operation  ,.3j.  T^e  amount  of  air 
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that  is  supplied  by  the  air  compressor  is  controlled  by  the  number  of  revolutions 
(fiS.  f  >  [4]  and  [5]. 

An  air-supply  oontrol  adjusts  the  waste  gas,  The  waste  gas  that  is  no  longer 
required  is  again  returned  to  the  compressor  inlet  by  moans  of  an  expansion  tur¬ 
bine*  Whereas  in  the  installation  that  is  under  consideration  (fig.  5)  the  air- 
supply  oontrol  has  a  diroct  effect  on  the  waste-gas  supply,  the  theoretical 
valuo  of  the  tachometer  can  also  be  adjusted.  In  the  former  case,  the  rpm  adjusts 
in  correspondence  to  the  output  balance  (a  tachomoter  is  not  required  in  normal 
operation).  The  range  of  operation  of  the  installation  must,  however,  be  limited 
in  relationship  to  the  rpm,  the  gas  temperature  in  front  of  the  turbine  and  the 
pump  limitation.  In  the  first  caso,  the  pump  limit-control  equipment  is  used, 
as  well  as  the  temperature  limiting  control  equipment.  The  theoretical  value 
for  the  pump  limiting  control-equipment  is  adjusted  as  a  function  of  feed  pres¬ 
sure.  The  temperature  limiting  control-equipment  ir  also  geared  tc  the  control 
of  the  air-relief  valve,  while  the  rpm  control  equipment  dominate-  the  entire 
installation,  the  returned  waste  gas  must  be  influenced  by  the  air  control  in¬ 
stallation. 


1,2.2  Locomotive  Installations 

Single-oyole  gas  turbines  with  DO  generators  are  used  to  power  locomotives, 
Tho  wheels  are  moved  by  series-wound  motors.  The  regulation  problems  that  appear 
are  uiffe*  -  it  than  those  that  are  encountered  in  stationary  generator  installs^ 
tiona. 

The  generator  load  is  determined  by  the  motor  current.  This  is  a  function 
of  the  power  Requirement  of  the  locomotive  on  the  circumference  of  the  wheel  or 
on  the  terminal  voltage  (exo'tation).  In  addition,  the  number  of  revolutions 
of  the  motor  (running  speed)  is  approximately  proportional  to  the  terminal  volt¬ 
age.  generator  output  (free  gas-turbine  output)  is,  on  the  other  hand,  a 


function  of  the  rpo  of  tho  gas-turbino  installation  and  on  tho  fuol  supply.  An 
eoonomlo  run  is  subjeot  to  a  oertain  correlation  of  tho  amount  of  fuol  and  mu&- 
bo r  of  revolutions  as  a  function  of .performance  [24], 


Pi^.  4*  Diagram  of  the  Regulation  of  a  Singlo-Cycle  Gac-Turbino 
Generating  Current  and  Supplying  Compressed  Air  According  to  [p 
control  instrument,  b  tho  temperature  regulating  device,  c  tach< 
control  equipment , 


Fig.  5*  Diagram  of  the  Regulation  of  a  Single-Cycle  Gao- turbine 
Supplying  Compressed  Air  [4].  a  limiting  oontrol  equip.,  b  temp, 
o  air-supply  regulator,  0  air-supply  regulat .  equip.,  e  oontrol. 


In3ta?.le.tion  for 
a  is  the  blower 
■motor,  d  pressure 


Installation  for 
limit,  regulator. 
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Maintaining  this  relationship,  independent  of  external  interference  magni¬ 
tudes  to  the  locomotive,  oan  he  attained  hy  a  regulation  system  aooording  to 
fig*  6.  The  manual  adjustment  of  tho  power  by  moons  of  the  control  instrument, 
determines  the  amount  of  fuel  and  the  theoretical  number  of  revolutions.  A  rpo 
control  installation  changes  the  load  by  adjustin';  the  generator  excitation  in 
such  a  manner  that  the  gas-turbine  rpm  is  main:  inod  constant*  This  eliminates 
the  load  ohanges  which  appear  by  changing  tho  r arming  requirements  of  the  looo- 
motive*.  The  running  speed,  therefore,  is  dependent  or.  tho  external  interferences. 


Pig.  6t  lia-gro::.  .  ulation  of  a  Looomotive  Gas-Turbine  Installation, 

a)  fuel  system}  )  fuel  control,  o)  control  device,  d)  tachometer  installation, 
a)  voltage  regulator,  f)  wheel  set  for  the  looomotive. 


If  the  excitation  (running  speed)  and  the  theoretical  rpm  of  the  gas-turbine 
is  fixed  by  means  of  the  control  instrument,  then  the  external  interference  mag-  . 
nitudes  lead  to  a  decrease  in  the  economical  operation  of  the  looomotive.  If 
the  permissible  output  is  attained  by  the  rpm  that  is  set  (temperature  limita¬ 
tion),  then  the  tachometer  acts  as  a  load  regulating  devioe  with  regard  to  the 
excitation  [25]. 

Unsatisfactory  dynamic  characteristics  result  due  to  tho  rpm  dependent 
performance  setting  in  installations  suoh  as  these.  Ibis  deficiency  is  encount¬ 
ered  in  a  regulation  (fig.  6)  in  whioh  the  taohometer  is  adjusted  to  a  theoretio- 
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al  value,  oven  temporarily,  and  that  it  affects  the  fuel  system  in  such  a  way 
that  a  fast  change  in  the  number  of  revolutions  is  possible.  Aloo  in  starting, 
when  the  field  regulation  device  is  off,  the  number  of  revolutions  are  controlled 
by  the  fuel  system.  It  is  possible  to  adjust  the  revolutions  to  the  new  value  de¬ 
sired  prior  to  the  chango  in  load,  by  means  of  a  switch  so  that  a  change  in  per¬ 
formance  can  be  attained  through  a  fast  change  in  tonpcrature. 

1.3  Two-Cycle  Installation  with  tho  Free  Power  Turbine 

In  separating  a  turbine  in  order  to  produce  tho  power,  other  possibilities 
prosent  themselves  in  applying  tho  installation  to  various  operatin':  conditions. 
The  regulation  of  the  rpr.  becomes  significantly  more  difficult  because  the  pov.'ox* 
device,  generally,  only  has  a  slight  amount  of  inertia  and  the  storage  effect  of 
tho  compressor  set,  as  well  as  the  gas  space  (especially  when  an  air  preheater 
is  employed)  also  materially  worsens  the  transition  behavior.  This  circuit  is, 
therefore,  only  used  when  the  generator  installation  must  be  kept  within  a  favor¬ 
able  efficiency  in  the  partial-load  region,  or  when  the  installation  is  uced  for 
the  direct  operation  of  the  propeller. 

1.3.1  Generator  Installations  and  Installed  •  for  tho  Supply  of  Con-pressed 

Air 

In  tho  generator  installation  the  power  turbino  is  equipped  with  a  tacho¬ 
meter  device  which  adjust  the  fuel  supply.  If  the  number  of  revolutions  of  the 
compressor  tuxboset  romains  unregulated,  then  stability  occurs  independent  of 
performance,  Rpm  limiting  equipment  are,  not  as  a  rule,  provided  for  this  cyole. 
An  improvement  in  tho  regulation  oonditions  can  bo  obtained  so  that  the  compress¬ 
or  set  is  also  equipped  with  a  tachometer  which  adjusts  the  rated  value  of  tho 
revolution  regulating  equipment  of  the  power  turbino  [5]  to  [7]  (fig.  7). 

A  fast  ohange  ia  output  as,  for  example,  is  necessary  in  conneotion  with  a 
great  discharge  in  orte*  to  maintain  oertain  oritioal  values  of  the  power-turbine 
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Pig.  7*  Diagram  of  tho  .tabulation  of  a 
Pwo-Cycle  Gao-Turbino  Installation  with 
Free  Power  Turbine  Accordin-;  to  [5] 
and.  [7],  a)fuol  system,  b)  tachometer, 
0)  temperature  limiting  regulator. 


Pig.  i:  Siajra::  of  the  Ita^ulation  of 
a  Two-Cycle  Gas  Turbine  Installation 
with  Proa  Power  Turbin:.-  According  to 
[ll],  c)  fuel  c-'ctor-.,  0}  tomporature 
limiting  regulator  (hi;h-prossure), 

0)  as  b)  (low-pressure.),  d)  tachomotor 
(hi^h-pre ssure ) ,  a) switching  equipment, 
f)  control  dovico,  c)  a3  d)  (low-pres¬ 
sure  } ,  h)  pressure  regulator. 


rpm,  is  difficult  to  realize.  In  addition  to  the  adjustment  of  the  amount  of  fuel 
injected,  valves  are  also  often  opened  in  front  of  the  turbines  or  in  front  of 
the  combustion  chamber  by  the  tachometer  when  the  revolutions  inorease  too  much 
[8]  and  [9].  Another  possibility,  but  very  seldom!  used  method,  is  in  increas¬ 
ing  the  inertia  of  the  power  devioe  by  means  of  a  flywheel  [10], 

Another  possibility  of  intervention  is  presented  by  the  arrangement  of  ad¬ 
justable  guide  vanes  in  front  of  the  power-turbine.  Then  the  entrance  vanes  are 
opened  the  ppm  cf  the  compressor  set  inoreasee  and  the  powor  stage  of  the  power- 
turbine  deoreases. 

The  installation  that  is  illustrated  in  fig.  8  [9]  and  [ll]  in  addition  to 


being  used  for  the  generation  of  eleetrioity,  can  bo  used  simultaneously  to 


supply  oompreseod  air  to  tho  blast  furnaces  in  a  metallurgical  plant.  Tho  tacho¬ 
meter  (low  pressure)  that  is  providod  to  control  the  revolutions  of  tho  power 
turbine,  produces  tho  controlling  magnitude  an  tho  output  magnitude  for  the 
taohoneter  installation  for  tho  high-pros sure  sot.  This  controls  tho  fuel  supply 
and,  at  the  same  time,  can  also  effeot  the  ontry  fans  of  the  low-pressure  tur¬ 
bine.  The  adjustment  of  tho  entrance  vanes  is,  in  addition,  directly  associated 
to  the  tachometer  installation  (low  pressure)  as  a  position  magnitude.  In  order 
to  control  the  number  of  revolutions  of  the  low-pro severe  turbine  by  removing 
the  load,  by-pass  valves  aro  opened  by  the  two  tachometer  installations  in  the 
low-pressure  turbine.  1'n  addition,  limitation  devioes  aro  actuated  when  required 
by  the  gas  temperatures  in  front  of  the  high-pressure  turbine  and,  in  the  fuel 
control  according  to  tho  low-pressure  turbine . 

1.3.2  Marine  Power  Plants 

Installations  with  <1  free  power  turbine  wero  always  used  in  chips  for  the 
direct  operation  of  tho  propellers  because  of  the  requirements  for  tho  method 
of  operation.  Because  of  the  strong  automatic  regulation  effect  of  the  screws, 
n.i  well  as  tho  absence  of  essentially  haphazard  ii.vorforencos,  the  tachometer 
installation  can  bo  eliminated  and  only  limiting  installations  need  be  dealt 
with  that  suitably  limit  the  revolutions  and  the  temperature.  Tho  power  is  ad¬ 
justed  manually  according  to  the  navigation  requirements  [l2], 

Speoial  problems  are  oreated  in  oonneotlon  with  reversing.  Adjustable  pitoh 
propellers  or  a  reversing  gear  is  employed  with  flow-coupling,  or  torque  oon- 
vertor.  The  oorreot  filling  or  discharging  is  provided  by  the  oontrol  equipment 
[13]  and  [14]. 

The  oontrol  of  an  installation  with  variable  pitoh  propeller  is  illustrated 
in  fig.  9.  [15]  and  [l6].  The  power  is  adjusted  by  means  of  a  tachometer  install¬ 
ation  for  the  ooapreseor  set  and  a  oontrol  devioe  to  vary  the  pitoh  of  the  guide 
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9*t  Schematic  Diagram  for  tho  Regulation  of  a  Ship’s  Gas  Turbine  Ini-alLi.-^n 
According  to  [16].  a)  is  the  tachometer  installation,  o)  the  guide  vane  control, 
d)  rpm  limiting  installation,  e)  ship’s  screw  oontrol,  f)  temperature  control 
installation,  h)  control  device,  g )  fuel  system. 

Special  requirements  appear  due  to  maneuvering  conditions.  Here  too  relief  valves 
are  used  in  front  of  the  power  turbine  in  the  event  unsatisfactory  conditions 
are  met. 

vanes  of  the  power  turbine.  By  means  of  the  central  control  equipment  the  critic¬ 
al  value  of  the  number  of  revolutions  of  the  compressor  is  determined. 

This  oritioal  value  remains  oonstant  in  the  lower  performance  range  and  an 
increase  in  performance  is  introduced  by  the  central  oontrol  device  by  dosing 
the  guide  vanes. 

In  so  doing  the  speed  regulating  device  increases  the  amount  of  fuel  in  or¬ 
der  to  maintain  the  oritioal  value.  In  this  method  of  moving  it  is  possible  to 
disregard  the  best  possible  efficiency  without  losing  time  to  aocelerate  the  com¬ 
pressor  set  to  attain  about  the  half  of  its  maximum  output.  In  the  upper  per¬ 
formance  range  the  oritioal  rpm  value  is  inoreased.  The  speed  regulating  device, 
however,  now  adjusts  the  guide  vanes,  whereas  the  increata  in  the  amount  of 


Fig.  10 x  Schematic  Dicc*-*ar.  of  a  Sin^le-C^ole  Gas~?urcino  Installation  for  the 
Supply  of  Comprocsed  Air  according  to  [3J.  a)  fuel  eye tom,  b)  tomperaturs  con¬ 
trol  installation,  c)  control  device,  d)  reverse  equipment,  e,  f,  control 
device,  d)  control  of  rovolutiona,  i)  psestfSre,  k,  l)  air  supply  regulation 
equipment.  C 


fuel  whioh  is  now  roquirod,  is  brought  about  by  t'.-.v  toaporaturo  regulating  in¬ 
stallation. 

The  Installation  operates  at  maximum  efficiency  with  this  spoed-tonporature 
regulating  oomMnation,  but  the  dynamic  behavior  is  worse  than  when  in  the  lower 
performance  range. 

The  oontrol  of  the  adjustable  eorew  ie  so  interlocked  with  the  output  ad¬ 
justment  that  in  normal  operation  an  exoese  in  speed  does  not  ooour.  A  speed- 
limiting  regulating  installation  pro  t  sot  a  the  power  turbine  by  reducing  the  sup¬ 
ply  of  fuel  to  prevent  a  speed  that  is  too  high  and  in  the  event  the  revolutions 
oontinue  to  increase  an  air-release  valve  is  opened  prior  to  pre-heating  the  air. 
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1*4  Two-Cycle  Installations  In  Parallel  Connoot ion-Circults 

The  especially  unsatisfactory  regulation  dynamic  characteristics  of  ths 
gas-turbine  Installations  with  freo  power  turbines  ore  eliminated  in  the  oonneo- 
tion-oirouits  in  the  operation  of  olootrloal  gonorctors.  In  this  oase,  the  pow-« 
er  turbine  powers  a  compressor  simultaneously  with  the  generator.  In  so  doing 
the  inertia  of  this  device  is  inoreosed  together  with  the  automat io  regulating 
eff eot . 

The  regulation  of  on  installation  in  parallol  connection  with  a  power  tur¬ 
bine  take-off  on  the  low-pressure  shaft  is  illustrated  in  fig.  10  [26],  The  air 
throughput  is  essentially  determined  by  the  revolutions  of  the  low-pressure 
shaft.  Since  the  revolutions  must  be  kept  constant,  tho  chongs  in  performance 
is  attained,  above  all,  by  changing  the  temperature  of  tho  gas. 

The  main  regulation  variable  is  the  rpm  of  the  low-precsu.ro  shaft.  Tho  speed 
regulation  device  consists  of  two-position  settings  by  whioli  the  fuol  supply  to 
both  ooabustion  chambers  is  adjusted  aooording  to  a  proscribed  correlation. 

The  high-pressure  turbosot  is  adjusted  on  tho  basic  of  tho  inherent  stabil¬ 
ity  in  the  entiro  load  range  to  a  revolution  that  is  a  function  of  the  perform¬ 
ance  and  it  is  not  regulated.  Only  when  the  speed  increases  unduly  is  the  speed¬ 
regulating  device  engagod,  reducing  the  fuel  supply  to  the  high-pressure  com¬ 
bustion  chamber. 

Then  the  gas  tomporaturo  in  front  of  tho  high-pros cure  turbine  attains  the 
high-temperature  permissible  in  the  upper  performance  range,  the  high-pressure 
temperature-limiting  regulator  over  rides  the  low-pressure  speed  regulating  de¬ 
vice  and  takes  over  the  adjustment  of  ths  fuel  supply  to  the  high-pressure  com¬ 
bustion  chamber.  In  parallel  operation  with  the  circuit  it  is  also  possible  to 
adjust  the  gas  temperature  in  front  of  the  low-pressuro  turbine  by  the  low-pres¬ 
sure  temperature  limit-regulator  by  adjusting  the  fuel  supply  for  the  low-pree- 
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euro  oombustion  chamber  and  itvoan  bo  l:opt  at  ii.c  maximum  value*  Tho  lov;  pres¬ 
sure  spoed  regulating  devico  thon  operates  as  a  limit  rogulating  dovioe  and  tho 
inotallation  continuos  to  oporato  at  its  maximum  output. 

2,  Regulation  of  tho  Proo-Piston  Gao- Turbine  Installatrcu 

The  freo-piston  gas  turbine  installation  corroepor.de  in  its  basic  dosign 
to  the  open  gas-turbine  installations  with  tho  froo  power  turbines.  Pho  froe- 
piston  gas  generator  (fig.  11 )  tokos  the  place  of  tho  compressor,  combustion 
chamber  and  turbino. 

2.1  Payulatlr.-  tho  Das  Dcnorator 

In  addition  to  the  regulating  problons  that  occur  initially  in  tho  opera¬ 
tion  of  the  entire  installation  of  free-piston  g as  turbines,  to  begin  with, 
fundamental  problems  of  controlling  the  gas  generator  r-lono  are  to  bo  solved. 

In  order  to  stabiliso  tho  movonont  of  tho  piston  of  the  .gas  gsnorator  it  is 
neoessary  that  the  processes  in  the  Diesel  engine  are  adjusted  to  each  other  in 
the  air  compressor  and  in  tho  buffer  spaoes.  E*o  assumptions  that  ore  required 
are  civ®***  to  begin  with,  by  tho  constructional  \r.sions.  fhc  determining 
dimensions  of  tho  pi3ton  stroke  and  frequenoy  for  tho  amount  of  fuel  that  is 
supplied  is  in  a  spooific  relationship  to  the  othor  dimensions  of  the  jar.  gen¬ 
erator  (engine  compression,  gas  proasuro  or  soavonglng-air  pressure,  as  well  as 
the  mean  air  pressure  in  tho  buffer  space)  (fig.  12)  [17]  and  [27],  Qno  can  see 
from  this  description  that  in  ordar  to  produce  a  spooific  amount  of  gas  there 
oust  be  s  suitable  combination  of  stroke  end  frequency  vith  a  stipulated  gas 
pressure  not  only  s  possibly  stable  working  point  but  there  must  also  be  an 
entire  working  soope.  Zh  order  to  obtain  on  exactly  defined  operating  law  for 
the  gas  generator,  the  piston  stroke  and  the  frequenoy  must  be  determined  for 
each  value  of  the  gas  pressure.  In  general,  the  determination  ie  obtained  in 
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such  a  manner  that  the  engine  compression  attains  the  maximum  value  whan  the  gas 
supply  is  at  flu  1-open  throttle  and  in  idling,  the  smallest  possible  value  is  • 
assumed.  As  may  he  seen  from  fig.  12,  maintaining  a  specif ic  engine  oonp^ocsion 
is  a  function  of  the  gas  pressure  and  piston  stroke,  and  maintaining  a  specific 
temporary  average-pressure  in  the  buffer  space.  This  pressure  is  dependent  on 
the  amount  of  air  eaptured  in  tho  buffer  space.  Sinoe,  however,  this  is  Indepen¬ 
dent  of  the  prooesses  in  the  propellant-gas  generator,  the  necessity  of  intro¬ 
ducing  a  regulator  can  bo  seon  in  order  to  realise  tho  operating  lav;  that  was 
established. 


Fig.  11*  Diagram  of  the  Internal  Regulation  of  a  Froe-Piston  Qua  lar.orator. 
a)  pressure  regulator,  b,  d)  control  dsvios,  o)  fuel  system. 

1 ;  Pressure}  2;  propellant  gas  to  the  turbine}  3)  preeouro  in  a  piston  position} 
4J  (from  the  lower  critical  value)}  5)  (critical  value  adjustment  max  ♦  ain)} 

4)  (fixed  oritioal  value). 


In  order  to  aooomplieh  this  a  pressure  regulator  is  used  (stabiliser) 
which  regulates  the  buffer-space  pressure  in  oooneotion  with  a  apeoifio  piston 
position  or  the  temporary  average  pressure  in  the  buffer  space  ss  a  funotion  of 

I 

the  determining  value  of  the  propellant  gas  or  scavenging  pressure.  The  rela¬ 
tionship  between  these  two  pressures  is  selected  linearly.  3y  using  s  pressure 
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regulator  the  desired  increase  in  the  engine  compression  is  attained  as  a  func¬ 
tion  of  the  gas  pressure  and  the  piston  stroko  [l8],  The  amount  of  adjustment  of 
the  pressure  regulator  must  supply  the  required  amount  of  air  to  or  from  the 
buffer  epaoe.  Sinoe  the  scavenging  pressure  during  the  course  of  a  piston  stroke 
is  partially  above  or  below  the  buffer  pressure  it  is  most  easily  accomplished 
with  the  aid  of  a  final  control  element.  This  pressure  regulation  is  illustrated 
in  the  diagram  for  the  entire  internal  regulation  of  a  gns  generator  (fig.  ll). 
Certain  critical  values  are  obtained  for  the  piston  stroke  by  means  of  the  struc¬ 
tural  dimensions.  V.'ith  the  smallest  stroke  the  distance  of  the  top  dead-center 
must  still  be  groat  enough  so  that  the  inlet  port  of  the  Diesel  engine  is  kept 
sufficiently  dear  in  order  that  even  with  the  greatest  stroke,  this  value  must 
still  be  stiff iciently  small  to  prevent  the  cylinder  head  from  being  struck.  The 
position  of  the  bottom  dead  center  and,  consequently,  the  stroke  length  itself, 
as  well  as  all  the  other  internal  dimensions  are  determined  by  the  mode  of  oper¬ 
ation  of  ths  pressure  regulating  equipment  in  which  every  value  of  the  top  dead 
center  is  a  function  of  the  fuel  pressure.  The  amount  of  fuel  is  also  clearly 
correlated  with  the  gas  pressure  and  the  position  c.'  the  top  dead  center.  In 
order  that  the  boundary  of  the  top  dead  oenter  is  not  exceeded  it  is  n ccosary 
to  extend  the  internal  regulation  in  order  to  oontrol  the  maximum  permissible 
value  for  the  fuel  supply,  ae  a  function  of  the  gas  preosure  (fig.  11 ).  id  ter 
the  amount  of  fuel  changes  a  transition  results  in  the  gas  generator  in  the  new 
final  state  according  to  the  following  cycle i  increasing  r he  amount  of  fuel  - 
increasing  the  piston  stroke  -  increase  in  the  amount  of  air  and  propellant  gas 
-  rise  in  gas  pressure  -  increasing  the  amount  of  air  in  the  buffer  epaoe  by 
means  of  ths  pressure  regulator  -  increasing  the  frequency  -  additional  inoreaae 
in  the  amount  of  air  -  increasing  stabilisation  until  a  new  value  is  attained 
for  the  piston  stroke,  frequency  and  gas  pressure.  Since  several  reservoirs  must 
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Pig.  12:  Pressure  Diagram  for  a  Free-Piston  Gas  Generator, 
a)  Maximum  engine  compression,  minimum  stroke 
b  i  Maximum  engine  compression,  maximum  stroke 
oj  Minimum  engine  compression,  minimum  stroke 
d|  Minimum  engine  compression,  maximum  stroke 

1 )  Gas  Pressure;  2)  Frequency  [Piston  Stroke/Hinutel;  3)  Buffer  Space  Pressure; 
4)  Distance  of  the  top  dead  center  from  the  middle  [Piston  Stroke  in  mm]; 

5/  Engine  Compression. 


be  charged  or  discharged  in  this  operating  cycle,  the  transition  behavior  of  the 
gas  generator  is  characterized  by  a  corresponding  time  delay.  The  change  in  the 
amount  of  fuel  can,  therefore,  be  adjusted  suddenly  only  to  the  value  that  was 
established  by  the  oritioal  value  oontrol.  The  continued  process  then  takes  place 
oorre spending  to  the  ohange  in  gas  pressure  in  units  of  time.  # 

These  boundary  conditions,  therefore,  have  the  same  effect  as  does  the  tern* 
perature  pr  pump  limitation  in  the  standard  gas-turbine  installations. 

In  addition  to  the  limitation  in  the  amount  of  fuel  that  is  dependent  on 
this  operation  condition,  o&re  must',  1  waver,  still  be  taken  that  the  maximal 
and  minimal,  especially  the  permissible  amounts  of  fuel  oannot  be  exceeded  or 
fall  short . 

When  the  piston  stroke  is  minimal  and  ths  fuel  amount  is  minimal  the  result- 
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ing  amount  of  gas  is  still  greater  than  is  nooessary  to  operate  the  gas  turbine 
under  no-load  conditions.  An  additional  reduction  in  the  stroke  of  the  piston  or 
the  frequonoy  is  either  subject  to  a  reduction  in  the  distance  of  the  top  dead 
center  or  an  increase  in  the  distance  of  the  bottom  dead  center  of  the  piston 
movement.  Both,  however,  are  not  permissible  and  is  prevented  by  the  above  de¬ 
scribed  control  in  critical  value.  In  order,  however,  to  also  oe  able  to  operate 
the  entire  installation  in  the  range  between  the  lowest  bottom  dead  center  of  the 
gas  generatdr  (about  20  ...  30°j)  and  the  no-load  condition  of  the  turbine,  it  is 
necessary  to  lot  the  initial  magnitude  for  the  gas  generator  in  the  lower  per¬ 
formance  range  to  act  on  an  auxiliary  internal  control  installation  and  not  on 
the  fuel  supply.  The  following  possibilities  can  be  used  for  this  (fig.  11)  [18]: 

a)  Control  of  a'  gas-release  valve, 

b)  Control  of  a  return  valv8  in  a  connecting  line  between  the*  scavenging-air 


housing  and  the  air  inlet  on  the  compressor,  and 

c)  Control  of  a  throttle  valve  on  the  compressor  inlet. 

Design  a)  is  accompanied  by  a  very  porr  no-load  fuel  consumption,  whereas 
in  design  b)  an  essential  reduction  J.3  attained.  is  is  especially  true  in  in¬ 
stallations  for  vehicles.  Design  o)  is  not  always  easy  to  realise  technically. 


beoauso  between  the  two  compressors  a  complete  balanoe  must  bo  achieved. 

r0-G>r 


fm'MUn- 

fwimgr 


Pig.  13*  Diagram  for  the  Regulation  of 
a  Free-Piston  Gas-Turbine  Installation 
to  Generate  Current,  a  fuel  system,  b 
control  device,  o  speed  regulator. 


Pig,  14*  Diagram  for  the  Regulation  of  a 
SVee-Piston  Gas-Turbine  Installation  to 
Power  a  Ship  with  a  Pixed-Pitoh  Propeller 
(symbols  ao  in  fig.  13). 
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2.2  Installations  to  Powor  Ships.  Generators  and  Locomotives 

Pree-piston  gas-turbines  are  employed  in  the  operation  of  current  generators, 
to  power  ships  and  to  power  locomotives.  In  installations  for  the  operation  of 
generator*,  a  speed-rogulating  device  adjusts  the  power  output  by  o hanging  the 
fuel  supply  or  by  releasing  the  gas  supply  (fig.  13).  The  dynanio  behavior  of 
the  entire  installation  is  unfavorably  influenced  by  the  inertia  of  the  gas  gen¬ 
erator  and  the  storr.qo  effect  of  the  gas  space  in  front  of  the  turbine.  In  order 
to  gua-ante  .he  shut-off  safety  in  connection  with  the  separation  of  &  circuit, 
additional  measures  t:  e,  therefore,  often  necessary.  The  moment  of  inertia  of 
the  turbo-generato  installation  is  either  inoreased  by  a  flywheel  or  the  tacho¬ 
meter  obtains  a  L-i.  pulse.  The  oonditions  in  the  oase  of  load  increase  are,  nat¬ 
urally,  especially  unsatisfactory  because  an  equivalent  to  the  exhaust  valve  is 
miesing,  The  descriptions  that  rre  given  in  chapter  1.3.2  also  hold  true  for 
the  regulation  of  the  fr-e-pi.  yas- turbine  installations  that  are  used  to 
power  ships.  The  problem  of  -  -r  is  solved  here  of  course,  because  of  the  re¬ 
latively  low  gas  temperature  frequently  with  the  use  of  a  reverse  turbine.  The 
regulation  that  is  used  in  installations  s  as  this  are  shown  in  figure  14 
[19]  and  [20],  The  turbine  output  and  the  rotation  direction  of  the  screw  is 
controlled  from  a  central  oontrol  panel.  A  dual  valve  distributes  the  gas  flow 
to  the  forward  and  reverse  turbines.  In  a  certain  position  the  resulting  turbine 
output  is  sero.  Adjustment  is  one  or  the  other  position  brings  about  either  for¬ 
ward  or  reverse  motion.  As  the  valves  moves  toward  one  or  the  other  end  positions 
the  performance  is  increased  by  the  additional  supply  of  fuel.  In  some  oases  a 
speed-regulating  device  is  also  provided  whioh  reduces  the  fuel  supply  in  the 
event  the  number  of  revolutions  is  too  high. 

In  the  application  of  an  adjustable-pitoh  propeller,  two  different  designs 
in  regulation  are  known.  In  the  one  oase  the  central  control  equipment  adjusts 


the  propeller  first  from  the  no-load  position  to  either  tho  forward  or  reverse 
position  and,  in  this  connection,  the  turbine  output  is  increased  by  closing 
the  air-return  valve  of  the  gas  generator  and  by  increasing  the  fuel  supply  [2l], 
[22]  and  [23],  In  the  second  case  a  speed-regulator  holds  the  critical  value  ac¬ 
cording  to  the  requirements  that  have  been  set  to  drive  the  ship,  the  revolutions" 
of  the  turbine  are  kept  constant  by  the  effect  of  the  control  of  the  gas  genera¬ 
tor.  The  adjustment  of  the  speed  of  the  ship  and  its  direction  is  accomplished 
with  the  adjustable-pitch  propeller.  The  application  of  this  installation  in 
locomotives  with  direct  mechanical  transmission  of  pov/er  difference  in  the  re¬ 
gulation  ratios  from  those  described  in  ohapter  1.2.2  for  the  gas-turbine  powered 
locomotives.  It  corresponds  somewhat  to  that  of  the  ship  powered  with  a  variable- 
pitch  propeller. 
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